Inherited mutations in the breast and ovarian cancer susceptibility gene BRCA1 are associated with high risk for developing breast and ovarian cancers. Several studies link BRCA1 to transcriptional regulation, DNA repair, apoptosis and growth/tumor suppression. BRCA1 associates with p53 and stimulates transcription in both p53 dependent and p53-independent manners. BRCA1 splice variants BRCA1a (p110) and BRCA1b (p100) associates with CBP/p300 co-activators. Here we show that BRCA1a and BRCA1b proteins stimulate p53-dependent transcription from the p21 WAF1/CIP1 promoter. In addition, the C-terminal second BRCA1 (BRCT) domain is sucient for p53 mediated transactivation of the p21 promoter. Previous studies emphasized the importance of the BRCT domain, which shows homology with p53 binding protein (53BP1), in transcriptional activation, growth inhibition and tumor suppression. Our ®ndings demonstrate an additional function for this domain in protein ± protein interaction and co-activation of p53. We also found that BRCA1a and BRCA1b proteins interact with p53 in vitro and in vivo. The p53 interaction domain of BRCA1a/1b maps, in vitro, to the second BRCT domain (aa 1760 ± 1863). The BRCT domain binds to the central domain of p53 which is required for sequence speci®c DNA binding. These results demonstrate for the ®rst time the presence of a second p53 interaction domain in BRCA1 proteins and suggests that BRCA1a and BRCA1b proteins, like BRCA1, function as p53 co-activators. This BRCT domain also binds in vitro to CBP. These results suggest that one of the mechanisms by which BRCA1 proteins function is through recruitment of CBP/p300 associated HAT/FAT activity for acetylation of p53 to speci®c promoters resulting in transcriptional activation.
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; BRCT domain; CBP/p300 BRCA1, a familial breast and ovarian cancer susceptibility gene, is linked to 45% of the families with inherited breast cancers and about 90% of families with inherited breast and ovarian cancers (Miki et al., 1994; Easton et al., 1995; Ford et al., 1995) . BRCA1 encodes a protein of 1863 amino acids. The unique amino-terminal zinc ®nger domain interacts with BARD1 (Wu et al., 1996) , E2F transcriptional factors, cyclins and cyclin-dependent kinases (Wang et al., 1997) . Two, tandem carboxy-terminal BRCT domains (BRCA1 C-terminal domain (Koonin et al., 1996; Bork et al., 1997; Callebaut and Mornon, 1997) are involved in transcription activation, growth inhibition and tumor suppression (Chapman and Verma, 1996; Monteiro et al., 1996; Rao et al., unpublished results; Holt et al., 1996; Thompson et al., 1995; Rao et al., 1996; Humphrey et al., 1997) . The BRCT domains of BRCA1 are targets for cancer associated mutations (Couch and Weber, 1996) and are conserved evolutionary . Several recent reports have shown moderate homology between the BRCT domains of BRCA1 and the C-terminal region of p53-binding protein (5BP1), the yeast RAD9 protein and multiple proteins involved in cell cycle checkpoint functions responsive to DNA damage (Koonin et al., 1996; Bork et al., 1997; Callebaut and Mornon, 1997) . Recently, we and others showed that the N-and C-terminal regions of BRCA1, BRCA1a and BRCA1b proteins activate transcription when fused to GAL4 DNA binding domain (Cui et al., 1998a; Chapman and Verma, 1996; Monteiro et al., 1996) , and associate with RNA polymerase II holoenzyme (Scully et al., 1997a) and CBP/P-300 coactivator (Cui et al., 1998b) , suggesting a potential role for BRCT domains in the regulation of transcription. The multiple functions of BRCA1 protein(s) include growth/tumor suppression (Holt et al., 1996; Thompson et al., 1995; Rao et al., 1996; Humphrey et al., 1997) , induction of apoptosis , cell cycle regulated expression, DNA repair and the maintenance of genomic stability (Lane et al., 1995; Marquis et al., 1995; Scully et al., 1997b; Brugarolas and Jacks, 1997) . The BRCA1 protein physically associates, both in vitro and in vivo, with p53 tumor suppressor gene and stimulates p53-dependent transcription from the p21 WAF1/CIP1 and bax promoters (Ouchi et al., 1998; Zhang et al., 1998) . BRCA1 has also been shown to transactivate expression of the cyclin-dependent kinase inhibitor p21 in a p53-independent manner (Somasundaram et al., 1997) , suggesting that one of the mechanisms by which BRCA1 regulates cell cycle and suppresses growth is through the induction of p21 (Somasundaram et al., 1997) .
p53 is a tumor suppressor protein that is altered in numerous human malignancies including colon, lung, breast, ovary and several others (Hollstein et al., 1991) . The p53 protein has been implicated in a number of functions, including cell cycle regulation, response to DNA damage, signal transduction, cellular differentiation and activation and repression of transcription (Ko and Prives, 1996) . The p53 protein contains distinct functional domains: a transcriptional activation domain at the amino terminal (residues *1 ± 70); a SH3-like domain (residues *61 ± 94); a central sequencespeci®c DNA binding domain (residues *102 ± 392); a nonspeci®c DNA-binding domain at the carboxy terminal region (residues *320 ± 393) which contains a tetramerization domain (StuÈ rzbecher et al., 1992) ; and a basic domain (Ko and Prives, 1996 and references therein).
The presence of a common BRCT domain between BRCA1 and p53 binding protein 53BP1 (Iwabuchi et al., 1994) , which is also present in splice variants BRCA1a and BRCA1b (Cui et al., 1998a) , led us to investigate whether BRCA1 proteins associate with p53, the universal tumor suppressor, as speculated earlier by others (Bork et al., 1997; Koonin et al., 1996) . To determine whether intact BRCA1a/1b and a deletion mutant (containing the second BRCT domain aa 1760 ± 1863) bind with p53, in vitro binding was performed with full length wild type human p53 protein. The in vitro translated 35 S-methionine-labeled p53 protein was passed through GST-BRCA1a, GSTBRCA1b, GST-BRCT domain (residues 1760 ± 1863) and a GST control column as described previously (Wang et al., 1997; Cui et al., 1998b) . p53 was found to bind speci®cally to GST-BRCA1a, GST-BRCA1b, GST-BRCT domain (residues 1760 ± 1863) but not to GST (Figure 1a , lanes 3, 4 and 5). The region of BRCA1/1a/1b extending from aa residues 1760 ± 1863, which also maps to the minimum transactivation domain, was found to be sucient for interaction with p53. Recently, the N-terminal region of exon 11 (aa 224 ± 500) was shown to interact with the Cterminal domain (aa 300 ± 393) of p53 (Zhang et al., 1998) . Interestingly, majority of exon 11 (aa 263 ± 1365) is lost in BRCA1a and BRCA1b (Cui et al., 1998a; Rao, unpublished results) but they still bind to p53. Our results demonstrate for the ®rst time a second p53 interaction domain in the second BRCT domain of BRCA1 protein. To map the region of p53 which binds to the BRCT domain, a series of p53 deletion mutants expressed as GST fusion proteins (generous gifts from Drs Shenk and Wiman) were incubated with in vitro translated BRCT domain (aa 1760 ± 1863) protein and subjected to GST-pull down assay. The results show that BRCT domain binds to the central region but not to the C-terminal region (amino acids 319 ± 393) (Figure 1b S-methioninelabeled p53 and subjected to GST-pull down assay as described a b previously (Wang et al., 1997; Cui et al., 1998b) . In lane 1, 1/20th of the in vitro translated protein used for binding was loaded directly. The second protein band seen in lane 1 represents polypeptide arising as a result of initiation at the internal methionine codon or premature termination. (b) BRCT domain (amino acids 1760 ± 1863) binds to the central domain of p53 (amino acids 99 ± 307). GST, GST-p53 (amino acids 1 ± 160), GST-p53 (amino acids 160 ± 318), GST-p53 (amino acids 319 ± 393) and GST-p53 (amino acids 99 ± 307) proteins were expressed, puri®ed on beads and incubated with in vitro translated 35 Smethione-labeled BRCT domain (amino acids 1760 ± 1863) and subjected to GST-pull down assay as described above speci®c DNA binding and contains mutations that are found commonly in tumors. Since BRCA1a, BRCA1b and the BRCT domain interact in vitro with p53, we investigated the eects of BRCA1a/1b and BRCT on p53 independent and p53 dependent transcription. Since both p53 and BRCA1 can transactivate the p21 promoter (El-Deiry et al., 1995; Somasundaram et al., 1997) , we studied the eects of BRCA1a and BRCA1b on the p21 promoter. pcDNA-BRCA1a, pcDNABRCA1b or pcDNA-BRCT (1760 ± 1863), both alone and in the presence of pSGp53 were co-transfected into COS-7 cells together with a natural genomic p21 promoter CAT vector (a generous gift from Dr Volgelstein) that contains the p53 response element (El-Deiry et al., 1995) . Neither BRCA1a, BRCA1b nor BRCT domain (residues 1760 ± 1863) activated the p21 promoter in the absence of exogenous p53 (Figure 2 ), but all stimulated the p21 promotor in the presence of p53 (Figure 2) . These results suggest that BRCA1a and BRCA1b proteins function as co-activators of p53 and the C-terminal second BRCT domain of BRCA1/1a/1b proteins is sucient for binding to p53 and stimulating its target gene activation. As mentioned earlier, several groups have shown that BRCA1 regulates p21 through both p53-dependent and p53-independent mechanisms (Ouchi et al., 1998; Zhang et al., 1998; Somasundaram et al., 1997) . Since BRCA1a/1b lack the N-terminal region of exon 11 which was also shown to interact with p53, we speculate that BRCA1a/p110 and BRCA1b/p100 can regulate p21 transcription only through a p53-dependent mechanism. All these results taken together suggest a role for p53 in the growth arrest, tumor suppression and apoptosis-inducing functions of BRCA1 proteins.
To study these associations in a physiologically relevant environment, cell extracts from human breast cancer cells CAL-51 were immunoprecipitated with anti-BRCA1 polyclonal antibody and as a negative control, normal rabbit IgG. Subsequent Western blot analysis with anti-p53 monoclonal antibody revealed p53 in the anti-BRCA1 immunoprecipitates (Figure 3a , lane 2), and nuclear extract (Figure 3a, lane 3) , but not in the control immunoprecipitate (Figure 3a, lane 1) . The anti-BRCA1 antibody C-20 detects both BRCA1a/ 1b proteins by immunoprecipitation and Western blot analysis (Figure 3b ). All these results suggest that BRCA1a/1b proteins associate with p53 in vivo. promoter. COS-7 cells were co-transfected with 1 mg of human p21 promoter CAT`A' or`E' construct (El-Deiry et al., 1995) and 1 mg of expression plasmids (pcDNA BRCA1a, pcDNABRCA1b, pcDNA-BRCT amino acids 1760 ± 1863 and pSGp53 wild type) as described previously (Cui et al., 1998a,b) . Total DNA was kept constant at 20 mg. The CAT activity shown represents fold activity compared with pcDNA vector alone. The activity of the vector is normalized to a value of one. The experiments were repeated at least four times. Mu-Rep represents p21 promoter construct`E' (El-Deiry et al., 1995) which lacks p53 binding sites. The results of CAT assay were quantitated using a Fuji phosphoimager a b Figure 3 In vivo interaction of p53 with BRCA1a/1b proteins. (a) BRCA1 proteins were immunoprecipitated by anti-BRCA1 antibody from cell extracts of human breast cancer cell line CAL51, separated on 10% SDS ± PAGE analysis and Western blotted with anti-p53 monoclonal antibody. Lane 1, immunoprecipitation by normal rabbit IgG (negative control), lane 2, immunoprecipitation by anti-BRCA1 antibody, lane 3 A431 nuclear extract (positive control for p53). (b) Western blot analysis of nuclear extract from A431 cells using anti-BRCA1 antibody after immunoprecipitation with anti-BRCA1 antibody was done as described (Cui et al., 1998b) . The protein bands shown represent endogenous BRCA1a (p110) and BRCA1b (p100) proteins BRCA1 associates with RNA polymerase II holoenzyme complex (Scully et al., 1997a) and CBP (CREBbinding protein) is a component of the holoenzyme (Nakajima et al., 1997) . Previously, we have found BRCA1a/p110 and BRCA1b/p100 to interact both in vitro and in vivo with the carboxy-terminal domain of transcription factor CBP (Cui et al., 1998b) . Since the BRCT domain is sucient for p53 mediated transactivation of the p21 promoter, we speculated whether the BRCT domain could interact directly with CBP which would bring the RNA polymerase II holoenzyme into play. Our results using GST-pull down assays demonstrate direct physical interaction between GST-CBP2 and in vitro translated BRCT domain of BRCA1 (Figure 4a ). These data are consistent with the notion that BRCA1 functions as a transcriptional coactivator.
In summary, our results suggest BRCA1a and BRCA1b proteins function as co-activators of p53 tumor suppressor protein similar to BRCA1. This study demonstrates for the ®rst time the presence of a second p53 interaction domain in the carboxy terminal BRCT domain of BRCA1 (Figure 4b) , which is sucient for activation of p53 dependent transactivation of the p21 WAF1/CIP1 promoter. Previously, based on its homology with p53 binding protein 53BP1, it was speculated that the BRCT domain could bind p53 (Koonin et al., 1996; Bork et al., 1997) S-labeled BRCT domain (aa 1760 ± 1863) and subjected to GST-pull down assay as described previously (Cui et al., 1998b) . The faint band in lane 3 represents weak binding of BRCT domains to GST-CBP1. (b) Schematic representation of the p53 interaction domains of BRCA1/BRCA1a and BRCA1b proteins con®rms this hypothesis. Since BRCA1a, BRCA1b, and BRCT domain (residues 1760 ± 1863) proteins associate with CBP/p300 co-activator (Cui et al., 1998b and this paper) and the C-terminal truncation, Y1853X, fails to bind to RNA polymerase II holoenzyme (Scully et al., 1997a) nor activate transcription (Somasundaram et al., 1997; Chapman and Verma, 1996; Monteiro et al., 1996; Ouchi et al., 1998; Zhang et al., 1998) , we speculate that one of the mechanisms by which BRCA1 proteins function is through recruitment of CBP/p300 associated HAT/ FAT activity for acetylation of p53 to speci®c promoters resulting in transcriptional activation. Our results demonstrate binding of the BRCT domain of BRCA1 (residues 1760 ± 1863) to the central region of p53 (amino acids 79 ± 307) but not to the C-terminal region (amino acids 319 ± 393), which was earlier shown to bind to the N-terminal region of exon 11 of BRCA1 (amino acids 224 ± 500). This central region of p53 contains the sequence speci®c DNA binding domain which is required for the tumor suppressor function of p53 protein (Ko and Prives, 1996 and references therein). The majority of p53 missense mutations in tumors are present within this central region. The binding of the BRCT domain of BRCA1 proteins to p53 suggests that it may be involved in p53 mediated tumor suppression; apoptosis, and DNA repair. It is possible that the BRCT domain may be involved in determining the speci®city of p53 binding to high and low anity p53 binding sites resulting in either p53-dependent transcriptional activation or repression. It is conceivable that the BRCT domain may activate p53 by inducing a conformational change resulting in increased DNA binding and transactivation. Our ®ndings suggest that the BRCT domain binding to p53 may be mediated by CBP/p300, since it binds to the same region on BRCA1 and this complex may in turn be linked to RNA polymerase II holoenzyme complex. In fact, 87% of mutations that have been reported in familial breast cancer disrupt the BRCT domains by truncation of the protein (Couch and Weber, 1996) , while some others disrupt the domains by missense mutations. It remains to be seen what eect these cancer-predisposing mutations have on the p53 binding and co-activator function of BRCA1 proteins. The p53 binding/co-activator property of BRCT domain can be used as an assay for detecting functionally relevant alterations in patients with BRCA1 mutations. It is possible that lack of binding of disrupted BRCA1 proteins to p53 in patients with mutations in the BRCT domain could lead to the development of breast cancer. The binding of the BRCT domain to p53 suggests that other BRCT domain containing proteins involved in cell cycle checkpoint functions responsive to DNA damage may similarly interact with p53. Lastly, although we have shown BRCA1a/1b to activate p53 dependent transcription of the p21 promoter in episome-based assays, the question whether the same holds true for endogenous p21 remains to be investigated.
